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© Optical communications system using raman repeaters and components therefor. 

© An optical fiber communication system for transmitting 
information-bearing optical signals over an optical fiber 
transmission line includes a signal generator coupled to the 
transmission tine for introducing information-bearing optical 
signals thereonto, preferably as wavelength modulated 
signals, and one or more optical amplifiers for periodically, 
collectively amplifying the transmitted signals to overcome 
the effects of attenuation. Wavelength modulation is 
achieved by altering the resonant characteristics of an optical 
resonator, optically coupled to a gain medium so as to 
provide an output that varies between a first and second 
wavelength. The optical amplification is achieved by inject- 
ing, preferably via lateral optical fiber couplings, pumping 
beams into the optical fiber so as to effect an increase in the 
amplitude of the information-bearing signals by stimulated 
Raman scattering. 
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Optical Communicat ions Systems using Raman Repeaters and 
Components therefor 



BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates, in general, to 
the communication arts and, more particularly, to optical 
fiber communication systems in which multiple information 
channels are carried on a single mode optical fiber. 
Description of the Prior Art 

As optical fiber technology has advanced, there 
has been a general appreciation and recognition that 
optical fibers can be fabricated having the capacity to 
transfer information at extremely high rates. To exploit 
the maximum information transfer rates possible with 
optical fiber systems, however, the data must either be 
time-division multiplexed or multiple, wavelength- 
distinct information channels must share a common 
15 communications path. With respect to time-division 

multiplexing, there is, apparently, no electronic circui- 
try available that is capable of switching at pulse rates 



10 
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which approach the information handling rates of single 
mode optical fibers (viz., 5 x 10 9 pps ) . Additionally, 
there previously has apparently been little progress with 
the latter wavelength division multiplexing approach 
5 because practical solutions to its problems in optical 
fiber systems have not been generally known. These 
problems in general are related to the difficulty in 
obtaining low cost, spectrally narrow, stable sources; 
the difficulty, particularly with single node fibers, in 

10 splicing fibers one to another and in coupling energy 

from sources to fibers; the difficulties associated with 
amplifying signals; and the difficulty in selectively 
adding and removing signals to and from fibers. 

With respect to spectrally narrow, stable 

15 sources, solid-state laser diodes, which are a preferred 
source, are comparatively expensive. Consequently, their 
utilization in an optical fiber communication system is 
only economically justifiable if high bit rates are at- 
tainable. For example, if a light-emitting diode and a 

20 graded index optical fiber can transfer 5 x 10? pulses 
per second (pps) over a 20 kilometer (km) trunk line, 
and, if a laser diode and a single mode optical fiber can 
transfer 5 x 10 9 pulses per second over the same length 
optical fiber, the latter laser diode and single mode 

25 fiber combination represents a cost factor 100 times 

greater than that for the former combination since laser 
diodes that have an acceptable operating lifetime 
presently cost more than 100 times as much as a light- 
emitting diode. 

30 However, recent advances have been disclosed in 

the coupling area. For example, in U.S. Patent No. 
3,432,499 j^f ilod March 31, 1080 for COMMUNICA^IO^TUl 
CONSTRUCTION, and U.S. patent apjgiicarfe-ioT^^ 
331,052, f i2^d_D^^b^rr^T^7^^2 for RESONANT CAVITY 

35 rifeTIHTg J'structures are disclosed for wavelength 
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plexing signals into single node optical fibers. Such 
inventions, including the inventions of U.S. Patent No. 
4,315,666 jfor COUPLED COMMUN I CAT I ONC FIBERS and the 
abovo - rof oronc a d i nvanMonn hy fho procont- j nvf > n ^ orj j have 
5 made it possible to carry many wavelength channels on one 
single mode optical fiber and to selectively introduce or 
remove any of these wavelength-distinct channels at any 
point on the communications line with minimal interfer- 
ence with the other channels and while maintaining 

10 communication line integrity. Thus, it is possible to 
attain high channel capacity in the construction of an 
optical fiber communication system which can carry a very 
large cumulative or aggregate information flow without 
using exceedingly high modulation rates on any one given 

:5 channel. 

As is well-known, practical optical fiber com- 
munication systems utilizing wavelength-distinct nodula- 
ted channels must carry information over an appreciable 
distance. As is also known in the art, despite signifi- 

10 cant advances in diminishing the attenuation characteris- 
tics of optical fibers, signals transmitted through opti- 
cal fibers are attenuated by the cumulative and combined 
effect of absorption and scattering. While the attenua- 
tion rates of existing optical fibers are quite low, sig- 

:5 nal diminishment with increasing transmission distance 
nonetheless requires periodic signal reconstitut ion or 
amplification. In the past and in accordance with clas- 
sic communication system practice, periodic signal ampli- 
fication has been achieved using in-line repeaters which 

0 are inserted into the communications line thus inter- 
rupting the integrity of the line. The classic repeaters 
include an input port for receiving the attenuated sig- 
nal, an amplifier or other signal processing device, and 
an output port coupled to the downstream communications 

5 line and to which the reconstituted signal is applied. 
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In these systems, the attenuated signal is presented to a 
photoelectric device which converts the optical signal 
into a corresponding electrical signal. An electronic 
amplifier or signal processer then amplifies and condi- 
5 tions the signal to compensate for signal deterioration. 
Thereafter, the electrical signal is presented to another 
photoelectric device which provides an optical signal 
which is then launched onto the downstream optical 
fiber. The conversion of the optical signal to an elec- 

10 trical signal and reconversion back to an optical signal 
imposes an artificial limitation on an otherwise entirely 
optical system. In addition, the classic in-line re- 
peater approach presents an undesirably high system-wide 
sensitivity to single repeater failure, because failure 

15 of the repeater destroys the line integrity. 

In addition to the above, it can be appreciated 
that the fabrication of a repeater for an optical fiber 
communications system carrying many wavelength-distinct 
channels can become quite complex and expensive, since 

20 each channel must be removed separately from the line, 
processed separately to effect reamplif ication and con- 
ditioning, and remultiplexed with the other signals onto 
the next downstream optical fiber segment. 

With respect to purely optical amplification, 

25 the art has shown devices relying on stimulated Raman 
scattering to convert the wavelength of one source to 
an amplified output at another wavelength, but there 
apparently has been no suggestion utilizing Raman scat- 
tering for the amplification of information-bearing sig- 

30 nals, particularly multiplexed signals. 

Pursuant to the above, it is a broad overall 
object of the present invention to provide a simple, 
reliable, and relatively economical optical fiber com- 
munication system capable of transferring information at 

35 high data rates. 
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Another object of the present invention is to 
provide an optical fiber communication system in which 
transmitted signals are amplified by purely optical 
mechanisms rather than by the electronic techniques used 
5 in the past and by which information can be transmitted 
by wavelength modulation using a plurality of information 
carrying wavelength-distinct channels. 

Another object is to provide a means by which 
signals carried on an optical fiber transmission line can 
10 be collectively amplified without interrupting the line. 

Yet another object is to provide a redundant 
amplification means along an optical fiber transmission 
line carrying several channels. 

And another object is to provide a system which 
15 includes means for automatically controlling amplifier 
power levels. 

Still another object is to provide a spectrally 
narrow, low cost, stable optical signal generator capable 
of being modulated • 
20 Other objects of the invention will, in part, 

be obvious and will, in part, appear hereinafter. The 
invention, accordingly, comprises the apparatus 
possessing the construction, combination of elements and 
arrangement of parts which are exemplified in the follow- 
25 ing detailed disclosure. 

SUMMARY OF THE INVENTION 
In accordance with the above objects and 
others, the present invention provides for an optical 
fiber communications system that includes one or more 
JO optical fiber lines coupled to define a system, means 

coupled to the optical fiber transmission line for intro- 
ducing information-bearing signals onto the transmission 
line, and means coupled to the optical fiber transmission 
line for amplifying the information signal by optical 
55 means. 
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The signal introducing 'means preferably takes 
the form of a signal generator that provides modulated 
wavelength-distinct signals and which includes an 
energizable gain medium coupled to a Fabry-Perot 
5 interferometer through a coupling optical fiber of 

selected length and tunable to provide a stable signal 
source. 

The optical signal amplifying means, in accor- 
dance with the present invention, takes the form of means 
10 for introducing Raman pumping beams onto the optical 

fiber tranmission line for increasing the energy level of 
the signal-carrying optical signals. 

The present invention provides for an optical 
fiber communications system in which the information 
15 bearing signals can be readily amplified by purely 

optical means to compensate for the adverse effect of 
attenuation and by which the physical integrity of the 
transmission line is not compromised. In addition, a 
wavelength modulation arrangement is provided by which a 
20 plurality of wavelength-distinct information bearing 

channels can be transmitted through the optical fiber and 
by which these plurality of wavelength-distinct informa- 
tion-bearing channels can be uniformly amplified by the 
optical amplifiction means. 
25 BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features that are considered 
characteristic of the invention are set forth with 
particularity in the appended claims. The invention 
itself, however, both as to its organization and method 
30 of operation, together with other objects and advantages 
thereof, will be best understood from the following 
description of the illustrated embodiments when read in 
connection with the accompanying drawings wherein like 
numbers have been employed in the different figures to 
35 denote the same parts and wherein: 
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Fig. 1 is a generalized schematic diagram of an 
optical communications system in accordance with the 
present invention utilizing Raman effect amplification to 
periodically effect signal regeneration; 
5 Pig. 2 is a generalized graphical 

representation of the Raman and Brillouin normalized gain 
coefficient fused silica; 

Fig. 3 is a schematic representation of a 
preferred embodiment of an optical Raman effect signal 
10 amplifier and a signal generator; 

Fig, 4 is a composite Raman gain coefficient 
curve {broken line illustration) for multiple Raman beam 
amplification used in the present invention; 

Fig, 5 is a schematic illustration of one 
15 preferred embodiment of a pulse signal generator in 
accordance with the present invention; 

Fig. 5a represents a pulse code modulation 
scheme in which information is encoded by the presence or 
absence of a pulse; 
20 Fig. 5b illustrates a constant amplitude, wave- 

length shift modulation scheme in which information is 
transferred in accordance with the presence or absence of 
information at a selected wavelength; 

Fig, 5c is an illustration of an alternate 
25 embodiment of the signal generator shown in Fig, 5; 

Fig. 5d is a schematic representation of a 
modulatable signal generator of the type shown in Fig. 5; 

Fig, 6 is a schematic representation of a 
modulatable Fabry-Perot device for effecting signal 
30 modulation in accordance with the present invention; 

Fig. 6a is a schematic representation of a 
single polarization mode fiber used with the modulatable 
Fabry-Perot device of Fig. 6; 

Fig. 7 is a plot of the propagation constant as 
35 a function of wavelength for the fiber construction of 
Fig. 6a; 
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Fig. 8 is a schematic illustration of a signal 
level detection arrangement for effecting control of the 
laser diodes of Fig. 3; and 

Fig. 9 is an overall system diagram for feeding 
5 back amplification signal information to effect control 
of a preceeding amplifier. 

DETAILED DESCRIPTION 
A communications system in accordance with the 
present invention is generally illustrated in Fig. 1 and 

10 referred to therein by the reference character 100. As 

shown in Fig. l r the communications system 100 includes a 
plurality of optical fiber segments S;l, s 2**- s n-l' s n 
interconnected at nodes N^, N2...N n . Depending upon the 
system topology, the nodes N may be simple two-fiber 

15 optical couplings or connections or more sophisticated 
multi-fiber branching type couplings as illustrated at 
nodes N2 and N3 in Fig, 1. The interfiber couplings are 
preferably implemented in accordance with [applicant 1 a 
abovo - rof oronoodj U.S. Patent No. 4 , 315, 666. {f or COUrLCD 

20 COMMUNICATION0 FIBERS { The coupled optical fibers S lf 

s 2** #s n-l' s n represent a communications or signal trans- 
mission system that, as shown in Fig. 1, is of the open 
loop system type, well suited for telecommunications. As 
can be appreciated, the communications system 100 can be 

25 closed upon itself as is common in control system and 
data processing networks. Information-bearing optical 
signals are introduced onto the transmission line at a 
selected point by a signal generator SG, discussed more 
fully below, and conveyed throughout the system to one or 

30 more utilization devices coupled to the transmission link 
at output ports r such devices including the data receiver 
DR. The information-bearing optical signals may take one 
of several forms including the usual pulse code modula- 
tion schemes such as pulse position modulation, pulse 

35 duration modulation, etc., as well as the preferred 
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multiple, modulated wavelength-distinct channels 
described more fully below. 

(As ic known in tho art, opt ioal cignal ctrora fc fcfe— 
diminis hes w i th ^icre^sed_i^aw 

" T aLLu it uation an d^) In accordance with the present inven- 
tion, signal amplification or regeneration is accomplish- 
ed by utilizing one or more Raman effect amplifiers which 
inject a pump beam or beams into the transmission line at 
a frequency higher than that of the information-bearing 
optical signals to effect Raman amplification of the 
lower frequency information-bearing signals. In Fig. 1, 
two Raman amplifier embodiments are shown including Raman 
amplifiers ra 1# RA 2 , RA 3 and Raman amplifier RA\ both 
embodiments of which are discussed more fully below. The 
Raman amplifiers may be placed along the main trunk line 
as in the case of Raman amplifiers RAj,, RA 2 , and RA' as 
well as along a branch line as in the case of Raman 
amplifier RA 3 . The Raman pump beam is introduced onto a 
continuous portion of the optical fiber so as to maintain 
the fiber's physical integrity, as contrasted to the 
classic in-line repeater approach by which the trans- 
mission line integrity must be compromised to effect 
repeater insertion. 

In the communications system 100 of the present 
invention, the information-bearing optical signals are 
amplified or regenerated by use of the stimulated Raman 
effect. As described more fully below, optical signal 
amplification provides a means by which the information- 
bearing signals may be collectively uniformly amplified 
by purely optical techniques without the need to inter- 
rupt the physical integrity of the transmission line to 
convert the optical signals to an electrical signal, 
which is then processed electronically, and to reconvert 
the electrical signal into an optical signal as has been 
done in the past. 
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The spontaneous Raman -effect relates generally 
to a scattering phenomenon which occurs where a media is 
irradiated with light of a quasi-monochromatic nature. 
Scattered light is principally of the frequency of the 
monochromatic irradiation but, in addition, lower fre- 
quency, longer wavelengths than exist in the original 
irradiating beam are re-radiated from the media and re- 
radiation is a function of the media irradiated. In 
stimulated Raman scattering, two monochromatic photon 
sources are simultaneously incident on a medium, one cor- 
responding to a pump and having a higher frequency, v p , 
than the other of lower frequency having a scattering 
frequency, v s . Under these circumstances, the source at 
the higher frequency, v s , will be amplified. The ampli- 
fication is given by the expression, neglecting absorp- 
tion and surface reflections: 

P s (l) = P s (o)exp[g(Av)P p l/a] 
where z*v = v p - v s >0, P p /a is the pump intensity, and 1 
is the medium length. The term g (Av) is termed the gain 
coefficient, which is related to the Raman cross-section 
of the medium, and is a measure of the Raman inter- 
action. 

The amplifier of the present invention is based 
on the observation that the stimulated Raman scattering 
effect can be exploited to collectively optically amplify 
a series of signals, each carried on a wavelength dis- 
tinct channel, if a pump source and the signals travel in 
the gain medium in the same direction because photons of 
the higher frequency, shorter wavelength beam are con- 
verted into lower frequency, longer wavelength photons. 
The gain possible is given by the gain coefficient, gAv, 
referred to above and is illustated in normalized fashion 
for doped fused silica in Fig. 2 where the pump frequen- 
cy, v p , is coincident with the ordinate axis and Ay, 




C1 39CS*1 



10 



15 



20 



25 



30 



35 



measured along the abcissa represents the frequency dif- 
ference, in wavenumber difference, between the pump fre- 
quency v p , and now any carrier signal frequency, v s , 
modulated or unmodulated, instead of the usual lower fre- 
quency scattering frequency. 

The Raman gain coefficient for fused germania 
is similar in shape to that illustrated in Fig. 2 for 
doped fused silica, but somewhat greater. Both silica 
and germania are the preferred materials for optical 
fibers used in communications systems as contemplated by 
the present invention. It is also to be noted that the 
Raman gain coefficient spectral range illustrated in 
Fig. 2 is relatively wide. Thus, a given pump or ampli- 
fier beam at a selected frequency can be used to transfer 
energy to or amplify, at varying levels, a range of lower 
frequency, longer wavelength information-bearing frequen- 



cies 



In addition to the Raman amplification effect 
noted above, a light beam is also subject to Brillouin 
backscatter, by which a wave of a slightly lower frequen- 
cy than the primary wave, but higher in frequency than 
the frequency of the Raman scattering wave, is created 
and propagated backwardly from the primary beam. The 
Brillouin backscatter gain coefficient for doped fused 
silica is illustrated in greatly exaggerated terms in 
Pig. 2 (broken line illustration) since its bandwidth is 
less than 1.0 Angstrom wide. As shown therein, the Bril- 
louin gain coefficient is of a slightly lower frequency 
than the primary beam and spaced, in terms of frequency, 
closely thereto, relatively sharp, and of a relatively 
higher amplitude than the Raman scattering gain coeffi- 
cient. 

As shown generally in Pig. 1 and in further 
detail in Pig. 3, a Raman amplifier RA X in accordance 
with the present invention includes a plurality of 
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individual Raman amplifier light generators or pump 
sources 10 r preferably in the form of laser diodes whose 
outputs are preferably separated in wavelength in a man- 
ner to be described. Each light generator 10 is coupled 
5 by respective coupler line segments 13 which are prefer- 
ably connected to a main tap 14 by lateral coupling tech- 
niques as disclosed in the aforementioned U»S. Patent 
No, 4,342,499 which relates to wavelength selective tuned 
couplings between optical fibers # a nd U.S . — Patont - Appli — 

10 cation Serial Mo , 331, 053 -which rolatoo to r o oon a nt cavi - 
ty filter coupling of optioal fibcro * The main tap 14 is 
similarly coupled by lateral coupling to the main trunk 
12, i.e., fiber, Additional Raman amplifier sta- 

tions, RA n ' are repeated down the transmission line as 

15 required to maintain signal level. The couplings between 
the coupler line segments 13 and the tap 14 are wave- 
length selective as taught in the afore referenced patent 
and patent application so that pump signals from a first 
Raman generator 10 will not be coupled to one or more of 

20 the other Raman generators 10, in effect, preventing the 
pump beam energy generated by one light generator 10 from 
being reflected or returned into the other light genera- 
tors 10. 

The use of more than one Raman light generator 
25 10 provides a means by which either only substantial 

additional amplification of signals can be achieved or by 
which additional amplification and an increased channel 
bandwidth can be achieved, depending on the wavelength 
separation between the generators 10. The closer the 
30 spectral output between the generators 10, the more the 
effect will be towards pure additional signal" ampli- 
fication and the wider the difference, the more the 
effect will be toward channel bandwidth broadening and 
increased amplification. This will be apparent by refer- 
35 ring to Fig. 4, which shows a normalized composite gain 
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curve which is the cumulative gain obtained by adding the 
gain curves for the contributions of each pump frequency, 
XI' \2t X3»»»X n « As will be appreciated, a separation 
too great between generator wavelengths will cause non- 
uniform amplification. Therefore, it is preferred that 
the wavelength separation between the generator sources 
10 not be greater than an amount where the channel ampli- 
fication falls below 25 percent of the peak gain possi- 
ble. That is, it is desirable to have a broad and flat 
composite gain curve where all the channels selected fall 
under a region (A) of the composite gain curve. 

While multiple solid-state laser diodes 10 are 
the preferred source of the Raman pump beams, other 
sources such as are used in the alternate embodiment 
Raman amplifier RA ' , discussed more fully below, which 
deliver a similar set of spectral lines are suitable. 
Other sources include multi-line Raman oscillators pow- 
ered by YAG lasers. 

It is known in the art that laser amplification 
can be noisy as is any amplification of a limited number 
of photons. Repeated optical amplification in an optical 
fiber transmission system can result in the accumulation 
of noise. For example, if N-photons are in a pulse, and 
the pulse is amplified by a gain factor G, a certain 
probability distribution of the number of photons, cen- 
tered about GN, is created. As the now amplified beam 
travels down the fiber, a further widening of this dis- 
tribution curve occurs. Each additional signal amplifi- 
cation and subsequent transmission adds to the distribu- 
tion curve spread. In the present invention, the effect 
of accumulated noise resulting from successive signal 
amplification and retransmission is mitigated by a number 
of steps comprising the use of signal levels higher than 
otherwise would be necessary to effect reliable informa- 
tion transfer; the use of low signal modulation rates; 
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and the use of a spectrally narrow signal source of the 
type to be described more fully hereinafter. In a pre- 
ferred embodiment of the invention, a signal amplifier/ 
RA, is preferably provided wherever the signal level 
5 drops to the point where 

N=100 R 

where N is number of photons per pulse and R is the num- 
ber of Raman amplifiers, RA, in series between signal 
processors. If there are no signal processors, then R is 

10 the number of Raman amplifiers, RA, between the signal 
source and the signal detector or other signal utiliza- 
tion device. The criteria presented is not rigid and 
some flexibility can be permitted depending upon the fol- 
lowing criteria. If there are several amplifiers, RA, 

15 with varying longer and shorter distances between the 
amplifiers, the above criteria can be on an average 
basis. The broadening of the statistical distribution 
curve is non-linear, and broadening will be worse than 
the average value would indicate. Additionally, the cri- 

20 teria is dependent upon and a function of the signal 

traffic along the line. Computer data need much lower 
error rates than video data. If the system is being used 
primarily for data transfer, an appropriate design cri- 
terion is to adjust for allowable video error rates and 

25 then transfer data at a rate lower than the video rate to 
reduce the occurrence of errors. For example, a 10 8 baud 
rate is adequate for commercial video, and a 5 x 108 baud 
rate will deliver studio quality video. These baud rates 
are higher than data rates now in use for transferring 

30 computer data. 

A pulse bandwidth, where modulation is by one 
of the pulse code techniques, in excess of that required 
for reasonable pulse shape retention is not desired from 
the standpoint of group velocity dispersion and the 

35 introduction of excess noise from spontaneous Raman 
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scattering into the information-carrying signal chan- 
nels. Group velocity dispersion of the signal wavelength 
components is proportional to the spread of wavelength in 
the signal channel. Accordingly, an excess spectral 
width needlessly broadens the signal pulses because of 
dispersion and reduces the length of fiber over which the 
signal can be transmitted without signal processing or 
conditioning. 

In the past, in order to minimize dispersion 
and degradation of the signal waveshape, a substantial 
effort has been made in developing fibers with zero dis- 
persion and/or with low dispersion over an extended 
range. in addition, attempts have been made to shift the 
dispersion regions to the longer wavelength, lower fre- 
quency regions to thereby secure lower attenuation at the 
preferred wavelengths. 

In accordance with the present invention, the 
dispersion problem is almost completely solved by narrow- 
ing the wavelength spread of each channel. In this way, 
information-bearing signals can be transmitted in any 
desired region of the spectrum regardless of whether or 
not dispersion is low in that region. Additionally, an 
advantage is gained by using many closely spaced signal 
carrying channels at low modulation rates in contrast to 
the use of a few signal channels at very high modulation 
rates. The relatively lower modulation rates subjects 
the so-modulated signals to less dispersion degradation 
since each pulse has a longer duration or width in time, 
as contrasted to the pulse duration using very high nodu- 
30 lation rates. In accordance with the present invention, 
modulation rates higher than the rate provided by the 
highest signal source commonly used are preferably not 
employed, that is, pulse nodulated 3-color video which is 
modulated on the order of 10 8 pulses per second. 



20 



25 
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With regard to the introduction of excess noise 
into the signal channels from spontaneous Raman scat- 
tering, the spontaneous Raman scattering of the pump beam 
into each possible electromagnetic state of the fiber can 
5 be represented as the number , S, photons per unit time. 
The rate of stimulated scatter will be SN where N is the 
number of photons already in that state. In the context 
of pulse modulated signal transfer, for any given time 
equal to the pulse width, there will be either a pulse 

10 present or no pulse. If there is no pulse, there will be 
S photons scattered into each possible electromagnetic 
state of the fiber, which corresponds to the no pulse 
time interval. On the other hand, there will be SN pho- 
tons stimulated into a pulse width of the same duration 

15 if there are N photons in the pulse. The amplified sig- 
nal from a pulse interval is then: 

N out - ( N in + n) G - n 
where G is the gain and n is the number of possible elec- 
tromagnetic states in a pulse. U± n is the number of pho- 

20 tons in the pulse interval as it enters the amplification 
region and N out is the number of photons in the pulse 
interval as it leaves that region. In the case where the 
gain, G=l (no amplification), the number of photons in 
each interval is unchanged. On the other hand, where the 

25 gain G is relatively large, then the no-pulse intervals 
will act as if they contained n photons, where n is num- 
ber of electromagnetic states in the time interval. 
Since the number of electromagnetic states, n, in a pulse 
interval is proportional to the ratio of the bandwidth to 

30 the pulse rate, using a bandwidth no greater than that 
necessary provides reasonable pulse shape retention and 
aids in reliable information transfer. 

As can be appreciated, where there are many 
Raman signal amplifiers, RA, in series, and each ampli- 

35 fier drops n photons into every no-pulse region, the 
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ratio of the photon population between the pulse and no- 
pulse intervals is rapidly degraded, thereby making pulse 
discrimination more difficult. Accordingly, it is desir- 
able to use the lowest bandwidth consistent with the 
desired waveform fidelity. In addition, the signal level 
is not allowed to fall below the point where the number 
of photons in a pulse is less than 20 x Rn, where R is 
the total number of Raman amplifiers RA in series, before 
using signal processing, and where n is again the number 
of states per pulse interval width. These criteria 
assure an adequate signal-to-noise level in multiple 
Raman amplifier situations. 

It has been further found that a bandwidth 
from 1 to 2 times the pulse repetition rate (PRR) i s 
adequate. With a bandwidth of 2, the criteria for photon 
number is less stringent than N=100R as previously dis- 
cussed. With a bandwidth of 5 times the pulse repetition 
rate, the criteria are equal. Accordingly, any widening 
of the bandwidth beyond 5 times the pulse repetition rate 
requires increased power levels. 

Both dispersion and amplifier noise can be con- 
trolled in a desirable manner by limiting the bandwidth 
of each channel. The bandwidth limiting also enables the 
number of channels in any given region of the spectrum to 
be increased and that, in turn, allows the various chan- 
nels to remain within a narrower range of the Raman gain 
curve for a given number of channels. The compression or 
grouping of a selected set of signal-bearing channels 
into a narrow region, such as region "A- of Fig. 4, of 
the Raman gain coefficient curve facilitates an approxi- 
mate flat gain across the set of channels and also desir- 
ably minimizes the transfer of energy from the shorter 
wavelength, higher frequency channels to the longer wave- 
length, lower frequency channels. In this regard, 
channel-to-channel separation should be no less than the 
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modulation rate and need be no greater than 3 times the 
modulation rate for effective channel discrimination at 
the data receiver. 

The desirable aspects of channel compression or 
5 grouping can be realized from a review of the Raman gain 
curve plot of Fig. 2. As shown, the gain across the gain 
spectrum for the Raman amplifier varies in a non-uniform 
manner with the difference in wavelength number between 
the pumping beam and signal-carrying channel. If the 
10 channel spread is relatively wide r the respective gains 

imparted to the various channels would not be equal, with 
some channels being amplified more greatly than others. 
This unequal amplification or gain effect would be multi- 
plied with each additional Raman amplification. A narrow 
15 grouping or compression of the channel bandwidth permits 
concentration of the channel spectrum and the spectrum 
positioning to a portion of the Raman gain coefficient 
curve that imparts a flatter gain across the channels, 
such as again region n A n of Fig» 4. 
20 One concomitant effect of the introduction of 

the Raman amplifier pump beam(s) is the production of 
Brillouin backscatter which receives its energy from the 
Raman amplifier pump beam(s). Since the Brillouin scat- 
tering gain spectrum is much higher in magnitude than the 
25 Raman scattering gain spectrum in fused silica, there is 
a propensity to convert the Raman amplifier pump beam 
energy into a backward travelling wave, slightly shifted 
in terras of wavelength, instead of the desired amplified 
signals. As this spontaneous Brillouin scatter caused 
30 wave travels in a direction counter to the Raman ampli- 
fier pump beam, the spontaneous wave gets amplified by 
stimulating further Brillouin scattering. The rate of 
amplification is on the order of 100 times as great as 
that for the Raman amplification, if the Raman amplifier 
35 pump beam has a line width that is less than the 
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Brillouin scattering line width." Thus, once the backward 
Brillouin beam has reached 1/100. the combined signal pow- 
er, 1/2 of the Raman pump beam power is being converted 
into the undesired backward-travelling wave and very 
quickly thereafter, pump power will go almost entirely 
into the unwanted wave. 

Brillouin backscatter, in addition to causing 
a loss of pump power, is subject to variable amplifica- 
tion. More specifically, when a Raman amplifier pump 
beam is turned on, its leading edge generates spontaneous 
Brillouin backscatter which, in turn, is amplified in a 
progressive manner by the following part of the Raman 
pump beam. As the Brillouin caused wave progresses 
further down the fiber, that part just entering the fiber 
is increasingly "deamplif ied rt by the backward travelling 
wave. After a sufficient penetration down the fiber, 
part of the wave just entering will be completely con- 
verted by the backward wave. The pump wave thereafter 
oscillates in intensity. This, of course, leads to a 
variable Raman amplification of the desired signals which 
produces a significant problem, greater than that of the 
inefficiency of amplification. 

The above-described dynamics and the efficiency 
of the Raman amplifier pump wave are further complicated 
by creation of a third generation wave; that is, Bril- 
louin backscatter from the Brillouin backward wave and by 
line broadening resulting from the 4-photon mixing pro- 
cess. In order to avoid or minimize the above-described 
conversion of the Raman amplifier pump power into a Bril- 
louin backward wave and the variation with time resulting 
from this wave, the pump beam is desirably broadened 
spectrally. Although the Brillouin gain is much higher 
than the Raman gain, it is very narrow spectrally (ap- 
proximately 7 x 10? Hz) but is shown in Fig. 1 in greatly 
expanded terms. Accordingly, when two Raman amplifier 
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pump lines are utilized instead of one, and they are 
separated by more than 7 x 10 7 Hz, each pump beam will 
then interact with its own Brillouin backward wave, but 
much less with the backward wave of the other pump beam. 
Yet, since the Raman gain is quite broad, both pump lines 
combine to pump a given signal channel or set of signal 
channels. The use of no less than two Raman spectral 
lines (separated by more than 7 x 10 7 Hz for each decibel 
of Raman gain desired) is recommended. If the Raman pump 
lines are broader than the aforementioned 7 x 10 7 Hz, 
then the rule can be correspondingly relaxed. 

In the preferred embodiment described herein, 
solid state laser diodes are used as the Raman amplifier 
pump sources. While the spectral line width of a laser 
diode is commonly depicted as being much wider than 10 7 
Hz, it is not always the case. If such a diode is used 
in the continuous power mode (not modulated), all the 
power may eventually drop into one spectral line (partic- 
ularly if the laser diode has been designed to do that) 
and that line can become quite narrow spectrally. The 
exact wavelength may wander somewhat with time, but such 
a frequency variation is not helpful in avoiding or can- 
celling the effects of the Brillouin backward waves 
unless this variation can be counted on to occur contin- 
uously and rapidly, which is not the case. Therefore, 
and in accordance with the present invention, several 
spectral lines are delivered. By using multiple diodes, 
increased reliability is also obtained. And if one diode 
fails, the overall gain imparted to the signal carrying 
channels drops by only a small amount. 

The use of multiple laser diodes provides a 
fail-operational feature not found in classic repeater 
situations previously utilized. 

In addition to using a plurality of laser diod<= 
sources for delivering plural spectral lines, reliable 
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and deliberate broadening of the spectral output of a 
solid-state laser to also produce a plurality of spectral 
lines can be achieved by modulating the electrical power 
input into the diode. For example, if the modulation 
rate is greater than 5 x 10? Hz, at least two narrow 
spectral lines will be produced (from the Fourier trans- 
form of the modulated signal line). Modulating the elec- 
trical power input at anything less than a frequency five 
times as high as the signal modulation frequency may im- 
part a gain ripple onto the signal channels which may 
interfere with signal discrimination and the interpreta- 
tion of the signals. If more power per laser diode than 
is consistent with avoiding Brillouin backward waves is 
contemplated and modulation line splitting or broadening 
is used, the modulation rate should be at least 10 'times 
the signal modulation rate. In addition, means may also 
be provided for causing the Raman beam to travel at a 
different group velocity from the signal group velocity, 
which causes any pattern in the Raman beam to sweep past 
the signal channels and thereby reduce any imprinting. 

An alternate criterion for maximum ripple 
length which will not unduly imprint the signal channels 
can be arrived at by first establishing the length of the 
transmission line over which Raman amplification takes 
place. This, of course, depends upon the line and other 
losses. Assuming the loss is a realistic 0.25 dB per 
kilometer, then the drop in Raman pump power will be a 
factor of of 2 over 10 kilometers. If the transfer to 
signal power makes the pump power drop faster than this, 
a shorter length may be used. 

In order to calculate the maximum safe ripple 
length, the difference in group velocities of the pump 
beam and that of the signal channels multiplied by the 
amplification length and divided by the average of the 
group and signal velocities should desirably be longer 
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than the ripple length, which corresponds to the nodula 
tion rate of the diode. This is expressed by the 
following equation: 

5 2L(V - V ) 

Ripple length « v P ■ v 

v s p 

When using several Raman pump lines, there is 
a tendency for the shorter wavelength pump lines to pump 

10 the longer wavelength pump lines. Accordingly, the power 

levels of each successive lower frequency, longer wave 
length diodes should be adjusted downward or otherwise 
compensated to provide an overall flat gain curve for the 
signal channels, 

15 If the modulation rate is 10 8 pulses per sec- 

ond, then the spacing between spectral lines in the pump 
beam should be at least 10 9 sec." 1 . In a similar way, any 
beat pattern occurring between two spectral lines (as 
well as the composite beat pattern) should produce a rip- 

20 pie whose length obeys the same criteria as set forth 

above for the modulation of the laser diode. Accord- 
ingly, means may be also provided for the creation of 
spectral lines in the pump beam which are spaced widely 
in wavelength compared to the signal bandwidth. 

25 As indicated above, to minimize Brillouin back- 

scatter, it is desirable to have a plurality of spectral 
lines in the Raman pump beam, say 20. Whether one uses 
20 separate laser diodes each with one line or a lesser 
number of diodes, modulated to provide multiple lines, 

30 will depend on the power per diode available, on relia- 

bility and life expectancy, and the number of signal 
amplifications along the transmission line. The optimum 
design configuration will change as the cost and perfor- 
mance specifications of diodes further evolve. In any 

35 case, it can be seen that economics alone justify using 

the aforedescribed Raman type signal amplifiers when the 
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number of wavelength channels 'exceeds the number of 
diodes required per Raman signal amplifier since to mul- 
tiplex, detect, and regenerate signals will require one 
diode per channel. At the present state of the art, the 
Raman signal amplifier described herein justifies itself 
on a basis of component costs alone if there are at least 
20 wavelength-distinct channels. Additionally, taking 
reliability factors in consideration, Raman signal ampli- 
fication as described herein is justified with a lower 
number of channels. 

As described here in the context of Fig. l, the 
use of Raman signal amplifiers in long transmission lines 
is the most exacting and most impressive use, although a 
single Raman signal amplifier can be used to advantage in 
several contexts. For example, in very short communica- 
tion systems which require extensive modulation, switch- 
ing, and multiplexing, Raman amplification of the type 
described herein can be used to effect signal amplifica- 
tion. It can also be advantageous to pump the signals 
once even if the line is short. 

In addition, in a local area network, local 
distribution system, or switching station, it may be 
advantageous to amplify the signals to a level well above 
that required to avoid photon noise simply to make detec- 
tion and discrimination more reliable and to permit the 
use of less expensive and less sensitive detectors. 

With regard to the generation of signal pulses, 
conventional solid-state laser diodes are adequate at the 
lower pulse repetition rates. However, generation of 
pulses of 108 pulses per second with an ordinary solid- 
state laser may be impractical since output will not be 
a pulse with narrow spectral width. When a laser diode 
first starts oscillating after receiving a current pulse, 
it may initially generate several orders of resonant 
lines, with the order nearest the peak material gain 
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being dominant. The central order will then remove ener- 
gy from the side orders, provided the diode is so de- 
signed, and finally the central line will become increas- 
ingly narrower although with some drift. Accordingly r 
5 output of this type is not suitable for narrow line, 

highly multiplexed systems of the type described herein. 

In view of the above, a pulse signal generator, 
SG, embodiment in accordance with the present invention 
incorporates a gain medium operating as an amplifier with 

10 an external interf erometric or resonant cavity device for 

precisely controlling the spectral output of the combina- 
tion. As shown in Fig. 5, a well-known gain medium 18, 
including a well-known means of energizing the gain 
medium to cause a population inversion at its atomic 

15 level, is provided with a reflective end 24 and is cou- 

pled to and outputs onto a fiber optic pigtail 22, which, 
in turn, is laterally coupled to a Fabry-Perot resonator 
device 20, which in turn, is laterally coupled onto the 
trunk line 12, In the pulse signal generator SG of Fig. 

20 5, the Fabry-Perot resonator 20 operates to oscillate 

optical energy of a predetermined wavelength and send it 
back through the gain medium 18 until the combination 
lases to provide the desired wavelength output. The 
pulse signal generator SG is a slow starter and not suit- 

25 able for rapid high-rate pulse generation or rapid modu- 

lation. However, once the pulse signal generator SG goes 
into oscillation, its wavelength output is substantially 
as stable as the Fabry-Perot device. The Fabry-Perot 
device 20 acts as a "flywheel" in this system. Accord- 

30 ingly, if power is removed from the gain medium 18, the 

pulse signal generator SG continues to emit energy for an 
additional period of time corresponding to the length of 
the cavity multiplied by its finesse. This externally- 
tuned combination oscillator thus can be used as a narrow 

35 line spectral source. As will be appreciated, the pulse 
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signal generator SG of Pig. 5 can also be used as a nar- 
row line modulated source if the Fabry^Perot cavity 20 is 
rapidly tunable in a manner to be described. 

Pig. 5a illustrates a conventional pulse ampli- 
5 tude modulation scheme in which a signal is either 

present at a fixed frequency (that is, during time period 
ATI) or absent (that is f during time period AT2). Infor- 
mation is received by sensing the existence or absence of 
the signal during the AT periods as is conventional in 

10 pulse code modulation schemes. Fig. 5b illustrates a 

wavelength shift modulation scheme in accordance with the 
present invention in which a substantially constant 
amplitude signal is modulated at a first predetermined 
wavelength A Q during the time period AT 3 or by the second 

15 selected wavelength X ± during the time period AT4. In 

Fig. 5b, wavelength * 1 is longer than wavelength X Q . 
Intelligent information is imparted onto the constant 
amplitude waveform by effecting the wavelength shift and 
likewise decoded by detecting the shift during successive 

20 AT time periods. 

The modulation scheme of Fig. 5a or 5b pre- 
sented above may be used with the present invention, but 
those modulation schemes which permit a constant signal 
amplitude, such as the wavelength shift modulation scheme 

25 illustrated in Fig. 5b, are preferred because they mini- 

mize both direct cross-talk in which one signal channel 
amplifies another signal channel by stimulated Raman 
scattering or by other non-linear effects and by indirect 
cross-talk where the signal on one channel imprints the 

30 Raman pump beam by depletion and, in turn, the pump beam 

imprints another signal channel. 

The above-described wavelength-shift modulation 
produces a constant signal amplitude and, consequently, 

the degree of cross-talk interchannel modulation becomes 
35 only proportional to the change in Raman gain with wave- 
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length multiplied by the change in wavelength. Since the 
wavelength shift is very small, this effect is negligi- 
ble. Wavelength-shift modulation also decreases the 
spectral line width required to transmit at a given modu- 
lation rate. 

In the signal generator of Fig. 5, used in the 
wavelength-shift modulation node referred to above, the 
energy stored in the Fabry-Perot cavity 20 at X Q win 
immediately shift to X ± where optical length oA 0 = opti- 
cal length 1/Xi where the subscript o indicates initial 
state and the subscript 1 the final state. The Fabry- 
Perot cavity 20 thus can be made to tune immediately to 
the altered resonant wavelength without waiting to dis- 
charge and recharge its energy level allowing high modu- 
lation rates to be achieved using the wavelength shift 
modulation scheme. The power generated by the combina- 
tion shifts wavelength as soon as the first shifted wave- 
length returns from the resonant cavity 20 and enters the 
gain medium 18. The time lag for the modulation response 
is therefore almost entirely the mechanical or physical 
time lag of altering the path length of the resonant 
cavity 20. 

A major advantage with this energy source 
resides in the fact that the resonant cavity 20 is isola- 
ted from the gain medium 18 and therefore the wavelength 
output is not dependent on conditions within the gain 
medium 18 which tend to destabilize the output in wave- 
length. This is so because the fiber composition of the 
resonant Fabry-Perot cavity 2 0 is less sensitive to ther- 
mal change and can be more easily athermalized than can 
the commonly available gain mediums and their associated 
energy pump arrangements. 

As is known, Fabry-Perot cavities have many 
resonant orders and, if desired, the unwanted orders can 
be suppressed within the device itself or an external 
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filter can be used. When the unwanted resonant orders 
are suppressed externally of the Fabry-Perot cavity, the 
lines existing within the Fabry-Perot cavity use avail- 
able diode power, thereby diminishing available energy 
for the desired resonant line, and can cause ripples 
within what should be an otherwise constant energy level 
pulse. The unwanted resonant orders can be suppressed 
utilizing the arrangement shown in Fig. 5c. As shown 
therein, the left end mirror 24 of the gain medium 18 is 
replaced with a fiber pigtail 22' and a fiber Fabry-Perot 
cavity 20' similar to the one on the right side. The 
Fabry-Perot on the left side, 20', is designed with a 
resonant line characteristic in Vernier relationship to 
the one on the right, 20, such that only the resonance 
for the desired order is coincident with the resonance 
for that order on the right. As can be appreciated, the 
use of dual Fabry-Perot cavities 20 and 20', as shown in 
Fig. 5c, provides for an overall signal generation device 
resonating at the desired spectral line at a substantial 
energy level. For the device shown in Fig. 5c, the 
left-side Fabry-Perot cavity 20' must have a lower 
finesse to allow the shift in tuning due to the wave- 
length modulation to lie within its resonant line width 
to thereby avoid the necessity for having to simultan- 
eously modulate both devices. 

The coupling of a gain medium to a Fabry-Perot 
resonator by means of an optical fiber pigtail as shown 
in Figs. 5 and 5c differs substantially from the devices 
known in the art in which a pigtail with a reflective end 
is coupled to a modified laser diode. In the latter 
case, the resonant cavity is comprised of both an optical 
fiber pigtail and the coupled laser diode cavity. If the 
effective resonant cavity length of the pigtail on the 
diode cavity is not less than about 1/4 radian of any 
wavelength within the 1/2-width of the high Q cavity, the 
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device may not oscillate- Laser diodes discard an amount 
of energy into their body which amount depends upon 
whether or not the diode is lasing. Also f the diode may 
undergo a temperature change and hence a change in the 
5 optical path length if it drops out of the lasing node • 

This shift will tend to continue until the phase deficit 
is such that lasing will recur. This tendency must be 
guarded against in the present invention because it 
becomes more likely as the pigtail length to the Fabry- 

10 Perot cavity 20 increases. An undesirable consequence of 

an unduly long pigtail is that the wave train at a first 
wavelength already in the pigtail travelling in the 
direction of the diode will persist at the same wave- 
length until it has made one round trip back into the 

15 Fabry-Perot cavity before the wavelength shift can be 

implemented. Accordingly, when the devices as described 
above are used as a spectrally narrow modulator and the 
Fabry-Perot resonator is pulsed to change wavelength out- 
put, it initially begins to discharge that energy onto 

20 the output trunk line. For a period of time equal to the 

round trip time in the pigtail/gain medium, no energy of 
the proper wavelength is replenished into the Fabry-Perot 
cavity. Once that time period has elapsed, light of the 
correct, shifted wavelength will now have proceeded from 

25 the Fabry-Perot resonator, through the gain medium and 

back, and the energy level of the Fabry-Perot resonator 
will again begin to be replenished. 

As the connecting optical fiber pigtail becomes 
longer, this period of no energy replenishment will, of 

30 course, increase. If the period of no energy replacement 

increases beyond a cetain upper limit, the output energy 
onto the optical fiber trunk will drop appreciably. The 
net result with an overly long pigtail is a decaying type 
output rather than a constant level output consisting of 

35 two alternating wavelengths. This condition, of course, 
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is undesirable where a constant amplitude signal is 
desired and may be avoided with proper regard to the 
relevant lengths or through an alternate version of the 
signal generator. 

A suitable alternate embodiment of the signal 
generator for mitigating this effect is shown in Fig. 5d 
and includes again a gain medium 18, the end mirror 24, a 
short pigtail 22, preferably less than 10 times as long 
as the associated Fabry-Perot cavity 20, together with an 
optically driven feedback device which alters the optical 
path length of the pigtail (or in a more generic sense, 
some element in the low Q cavity) in order to establish 
oscillation. This is accomplished by using a tap fiber 
23 to tap off a small fraction of the light from the pig- 
tail 22 or, alternatively, from some portion of the low Q 
cavity. For instance, the reflectivity within the 
Fabry-Perot cavity is not by any means 100%, so that a 
considerable fraction of the light in the low Q cavity 
will be in the pigtail 22. All or a portion of this 
energy may be used to actuate a photo-responsive device 
PD which, in turn, drives a logic circuit LC which acts 
in a well-known manner as described below. 

If no energy, or a very low level of energy, 
comes out of the pigtail 22, the logic circuit LC will 
generate an output control signal 'CTRL' which will alter 
(either increase or decrease) the optical path of the low 
Q cavity. it will continue driving the change slowly in 
one direction until oscillation (that is, lasing) 
occurs. Then in a manner well-known to the art of feed- 
back control circuitry, the feedback output signal 'CTRL' 
will drive toward a -maximum amount of power out of the 
pigtail 22. Any variation in the driving rate (e.g., 
hunting) is commensurate with the overall time constant 
required to build up oscillation in the composite double 
35 cavity. If, for example, the Fabry-Perot resonant 
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cavity 20 has a half-width of 10 8 Hz, the length of time 
to build up oscillation will be greater than 10~ 8 and 
less than 10"? seconds. 

With the feedback circuit illustrated in Fig. 
5d, the device will stay reasonably well tuned despite 
slow variations in the optical path length of the gain 
medium 18. To avoid impressing unwanted amplitude or 
level variations which might be confused with the signal 
itself, the time constant of the feedback loop should be 
at least 10 to 100 times as long as the pulse rate of the 
system so that amplitude or level corrections provided 
through the feedback loop will be spread over many 
pulses and should not represent a discrimination problem 
with regard to a data receiver. The entire double cavity 
optical circuit should be mounted so as to decouple it 
from thermal and mechanical shocks and vibrations so as 
not to create spurious signal outputs. Of course, the 
power supply to the gain medium 18 and the electronic 
feedback circuit should also be free of noise and trans- 
ients. 

The reflections between the two faces of the 
gain medium 18 # after coupling (whatever coupling means 
is used) should be sufficiently reduced so that the loss- 
es for the round trip path within the gain medium 18 it- 
self are greater than the losses in the round trip path 
between the virtual ends of the combined, extended 
cavity. This ensures that when the gain is raised to 
achieve oscillation, the desired mode controlled by the 
Fabry-Perot cavity 20 does not lose energy to unwanted 
internal oscillations of the gain medium 18. 

The wavelength shift modulation obtained with 
the devices described above in connection with Figs. 5, 
5c, and 5d can be converted into an amplitude-modulated 
signal wavelength device by simply passing the output 
signal through another Fabry-Perot device tuned to one 
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of the two output wavelengths (that is, A Q or Ai as 
described above in connection with Fig. 5b). The output 
of this other Fabry-Perot device, tuned to one of the two 
output wavelengths of the signal generator, will repre- 
sent the desired amplitude modulated signal output. The 
use of the other tuned Fabry-Perot device is preferred to 
the more classic on/off keying of the modulator, since 
on/off keying can result in ringing which prevents pre- 
cise control of the pulses, artificially limits the upper 
modulation rate, and can give rise to pulse discrimina- 
tion problems in the data receiver. 

The aforedescribed laser diode /Fabry-Perot 
signal source can also be used as a source of narrow line 
light instead of a modulator. But when modulation is 
required, the preferred embodiment of a Fabry-Perot 
device for achieving desired wavelength shift modulation 
is shown in Fig. 6. As shown therein, the modulator 
includes a "C" shaped (in cross-section) fixture 34 
having upper and lower support extensions 34a and 34b. A 
piezoelectric crystal 26, having electrodes 28 and 30 on 
its opposite faces, and an optical fiber 32 are mounted 
between the upper and lower supports 34a and 34b. An 
electrical source is connected to the electrodes 28 and 
30 to drive the crystal 26 in a conventional manner by an 
excitation voltage. The piezoelectric effect causes the 
crystal to physically distort and accordingly apply pres- 
sure to the fiber 32, which constitutes the Fabry-Perot 
resonator as described above. Both the fiber 32 and the 
crystal 26 are structurally secured together by cement or 
by other means on the fixture 34 so that the pressure 
applied by the oscillating crystal 26 is reliably trans- 
ferred to the optical fiber 32. As can be appreciated, 
the pressure applied by the crystal 26 effectively alters 
the optical path length of the fiber 32 and therefore the 
resonant characteristic of its Fabry-Perot cavity. 
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In general , optical fibers have two polariza- 
tion modes and the -applied pressure alters the path 
length of one polarization node more than that of the 
other. Accord ingly, the Fabry-Perot resonator modulated 
as decribed will thus have a double set of lines due to 
the two polarization states. The second, undesired, 
polarization state may be eliminated by the use of a 
single polarization fiber as described below. 

A single polarization optical fiber can be 
created (as shown in Fig. 6a) by placing a single mode 
core 36 within a cladding 40 having a cavity 38. The 
plot of propagation constant as a function of wavelength 
construction is depicted in Fig. 7. As shown, Pi and P2 
indicate the propagation curves for the two perpendicular 
polarization modes for the core 36 within the cavity 38; 
ni represents the index of refraction of the core 36; r\2 
represents the index of refraction of the cladding 40, 
and 1 represents the index of refraction of the cavity 38 
(that is, air). The propagation curves for both modes 
decrease as wavelength increases, but at unequal rates as 
shown. There is a wavelength region (a) in which one 
polarization mode is beyond cutoff of the lowest order 
mode. The optical fiber construction illustrated in 
Fig. 6a can replace the fiber structure shown for the 
modulatable Fabry-Perot of Figs. 5, 5c and 5d to provide 
desired modulation of a single polarization mode. While 
optical fibers having cavities as represented by cavity 
38 cannot be conveniently produced in a preform made by 
ordinary chemical vapor deposition, preforms made by 
chemical vapor deposition or otherwise may be combined 
into more complex preforms by means similar to the well- 
known rod and tube method and /or with multi-fiber preform 
techniques commonly used for known fused optical fiber 
products. 

A mismatch in the thermal expansion character- 
istic between the core material 36 and the surrounding 
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cladding material 40 produces permanent internal stress 
in the fiber 32 as the fiber cools after drawing during 
the manufacturing stage. This intentional mismatch in 
thermal expansion characteristics will enhance the bi- 
fringence and accordingly improve the polarization- 
retaining characteristics of the fiber and thereby 
provide a wider spectral region in which only a single 
polarization mode predominates. 

The above-described single polarization optical 
fiber, whether or not operating in a wavelength region 
where one mode is cut off relative to the other, has 
advantages beyond .the construction of a single polariza- 
tion Pabry-Perot device as described above. Such a 
single polarization optical fiber is also useful as a 
polarization retaining fiber for transmission line pur- 
poses. The bifringence produced by the above-described 
optical fiber geometry produces a result that is appar- 
ently comparable or superior to the best result that has 
been reported in literature. Additionally, the afore- 
describd optical fiber geometry is more immune to polar-, 
ization scattering from one state to another state due to 
external perturbations. Any external pressure applied to 
this fiber will result largely in a stress along one 
principal axis of bifringence and accordingly will have 
little or no tendency to alter the polarization of light 
polarized along either principal axis. If only one 
polarization mode exists, the mechanical isolation fea- 
ture is still useful as it prevents losses resulting from 
scattering out of the sole polarization node due to 
external perturbations. 

The modulatable diode assembly illustrated in 
Pigs. 5, 5c, and 5d and discussed above can serve as an 
alternate embodiment for the Raman pump beam generators, 
10, of Pigs. 1 and 2. To match the lateral output wave- 
length of each beam generator to a wavelength selective 
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tap as shown in Fig, 3 is possible. In addition, if the 
wavelength of the generator and the tap drift separately 
due to environmental changes, mismatch and efficiency 
problems may develop. It is therefore convenient to let 
the line tap itself control the laser diode output of the 
modulatable signal generator described above. Accord- 
ingly, a Fabry-Perot resonator is preferably used both as 
a tap and as a wavelegth tuner. The Fabry-Perot cavity, 
as discussed above, will have multiple resonant lines, 
but when used as a Raman amplification pump beam source 
as represented by the Raman amplifier RA 1 in Fig. 1, this 
aspect is advantageous since it is desirable to increase 
the number of spectral lines in the Raman amplification 
pump beam to avoid Brillouin backscatter as described 
hereinabove . 

A number of such tap assemblies, as shown in 
Fig. 1, are placed in series along the length of the 
trunk to make up a complete Raman beam amplification as- 
sembly. By use of lateral coupling, there is no need to 
compromise the physical integrity of the optical trans- 
mission fiber, as is the case with the classic re- 
peaters, single generator will suffice to effect Raman 
amplification if it has sufficient power and sufficient 
number of lines to avoid Brillouin backscatter. A single 
source, however, is not preferred as it decreases 
reliability with regard to source failure. Accordingly, 
providing a plurality of signal generators lowers the 
sensitivity of the system to individual failures. 

Raman amplification pump beam assemblies of the 
type described above in relationship to Figs. 5, 5c, 5d 
and 6 can be conveniently prefabricated at an assembly 
point on a short section of trunk, and this trunk insert 
can be spliced into the main trunk line using non- 
wavelength selective coupling if desired. The insertion 
of a discrete line interrupts the physical integrity of 
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the optical fiber and injects 'pump lines in both direc- 
tions. The bilateral pumping -can be overcome by placing 
a wide band filter tap upstream of the assembly of laser 
diodes as exemplified by the schematically illustrated 
wideband filter WBP of Pig. 1. This filter tap, which is 
laterally coupled to the trunk, should be broad enough to 
pass all the Raman pump beam laser diode lines, but not 
the signal channels. The left end of the tap fiber is 
mirrored so that light travelling to the left is re- 
flected and put back into the line going to the desired 
direction. The left/right path constitutes another 
interferometer, but its interaction with the various 
Fabry-Perot resonators is not harmful in this communica- 
tion system application. 

The total power needed in the Raman amplifi- 
cation pump beam will depend on a number of factors 
including the core material, core diameter of the trunk 
line, amount of gain desired, trunk line loss per unit 
length, and total signal power. The following is a 
specific example. 

EXAMPLE 

Q M the core material is fused silica doped with 
10% germania^ the peak Raman gain is approximately 50 
decibels per kilometer per watt of pump power for a core 
diameter of 4 microns, operating single mode at cutoff. 
The gain is proportional to pump power per unit area so 
long as total signal power is small compared to the pump 
power, simple exponential gain occurs along the length of 
the trunk line. If the line loss is one decibel per 
kilometer, then the effective amplification length is 
about six kilometers. If 10 decibels of total signal 
gain is desired, then 1/30 watt of pump power is re- 
quired. If the total signal amplification exceeds 1/30 
watt, then more pump power is required in an amount suf- 
ficient to supply the desired signal power. 
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In selecting signal "power level within the sys- 
tem, the minimum level per channel is determined by the 
criteria described above with regard to photon noise . 
The maximum level is usually determined by interchannel 
Raman amplification. If constant amplitude modulation is 
used, then cross-talk between channels from this effect 
is negligible although care must be taken to avoid prob- 
lems which may be encountered in managing signal levels. 
The shorter wavelength channel will pump longer wave- 
length channels as described above. This effect can be 
compensated by shaping the composite Raman gain curve to 
provide more gain at each Raman amplification RA (or RA 1 ) 
stage through the shorter wavelength channels so the 
shorter wavelength channels will have energy available to 
pump the longer wavelength channels to provide a more 
linear or "equalized" amplification response. In the 
case where constant amplification modulation is not used, 
cross-talk will occur between channels and this can be 
controlled by lowering the signal levels. The maximum 
level in either case is influenced by the total number of 
signal channels employed and the spacing between chan- 
nels. Even if only a small number of channels are used, 
there is a maximum signal level set by other non-linear 
optical effects. In addition, the total length enters as 
a factor. While the maximum signal levels can be deter- 
mined, it is safe to operate subject to the following 
limitations • 

No more than 1 milliwatt per channel and no 
more than 100 milliwatts total signal power provided the 
channel spectrum does not exceed 300 cms." 1 (wave 
number). This assumes constant amplitude modulation in a 
wavelength between 1 and 1.5 microns. The desired gain 
per Raman amplification stage is the ratio of the maximum 
safe signal level to the minimum safe signal level. : 
A detector and controller for providing a 
signal level control consists of a partial tap T (Fig. 8) 
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removing a small fraction of the power from the line 12. 
The tap T need not necessarily be wavelength selective, 
although it could be. This may be followed by three 
filter taps FT^, FT 2 , and FT 3 , which are not very nar- 
5 row. Each filter tap goes to a respective detector D^, 
and whose output is used as a control to adjust 

the power inputs to signal the Raman pumps. After 
several amplification zones, a true feedback signal 
(Fig. 9) can be taken from the signal channels after 

10 amplification and fed back upstream by way of an unused 
channel to make any additional adjustment to the distri- 
bution signal levels. One or more unmodulated signal 
channels carrying a constant power level interspersed at 
intervals among the signal channels may be used for base- 

15 line information to derive transmitted level informa- 
tion. It is not desirable to use an active signal chan- 
nel singly for monitoring because the level will depend 
upon the actual modulation rate at the moment. However, 
if wavelength shift modulation is used utilizing the 

20 wavelength shift modulation signal generator SG described 
above, the channels can carry a constant level of power 
regardless of the modulation and can each be used singly 
or in groups to provide information as to the downstream 
power level for controlling prior amplification zones. 

25 As can be appreciated by those skilled in the 

art, various changes and modifications to the present 
invention may be made without departing from the spirit 
and scope thereof as defined in the appended claims and 
their legal equivalent. 
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Claims : 

An optical fiber communication system 100, comprising: 
an optical fiber transmission line (12); 
means (56) coupled to the optical fiber transmission 
line (12) for introducing a plurality of information- 
bearing optical signals, the 

information-bearing optical signals being carried on 

distinct channels of predetermined wavelengths, 

characterized by 
1 2 

means (RA^ , RA , RA 2 r RA ) coupled to the transmission 
line (12) at a location downline of the information- 
bearing optical signal introducing means (SG) , for 
effecting collective optical amplification of all of i 
the information-bearing optical signals. 

The system of claim 1 wherein the amplification effec- 
ting means comprises means for introducing initial 
optical energy onto the transmission line at a pre- 
selected wavelength relative to the wavelengths of the 
information-bearing optical signals to amplify the 
information-bearing optical signals collectively by 
stimulated Raman scattering • 

The system of claim 1 or 2 wherein the core of the trans- 
mission line comprises a material having a characteristic 
Raman gain curve which varies as a function of the 
difference between the wavenumber of the optical energy 
and the wavenumbers of the information-bearing optical 
signals, peaks at a predetermined wavenumber difference 
between the wavelength of the optical energy and the wave- 
length of a selected one of the channels carrying an 
information-bearing optical signal, gradually decreases 
on either side of the peak gain, and has a range in wave- 
number difference that encompasses the channels. 
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The system of claim 3 wherein the channels fall under 
the Raman gain curve within a range of wavenumber 
differences corresponding to plus or minus 25 percent 
of the peak gain. 

The system of claim 2 wherein the optical energy intro- 
ducing means is further structured for introducing onto 
the transmission line additional optical energy at wave- 
lengths separated from each other and the wavelength of 
the initial optical energy to effect additional optical 
amplification of the information bearing optical signals 

The system of claim 5 wherein adjacent wavelengths at 
which the optical energy is introduced on the trans- 
mission line are separated in wavenumber by an amount 
sufficient to minimize Brillouin backscattering. 

The system of claim 6 wherein the adjacent wavelengths 
are separated in wavenumber by an amount not less than 
the wavenumber difference corresponding to the region 
at which Brillouin backscattering occurs for the core 
material. 

The system of claim 7 wherein the adjacent wavelengths 
are separated by at least 1.0 Angstrom. 

The system of claim 6 wherein the adjacent wavelengths 
are separated by an amount sufficient to broaden the 
bandwidth over which the channels can be uniformly 
amplified. 

The system of claim 9 wherein the adjacent wavelengths 
are separated by no more than the range of wavenumber 
difference under the Raman gain curve corresponding to 
plus or minus 25 percent of the peak gain. 
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1 1 - The system of claim 5 wherein the additional optical 
energy and the initial optical energy are provided 
by separate sources operating at wavelengths correspon- 
ding to the additional and the initial optical energy. 

5 

12. The system of claim 5 wherein the additional optical 
energy and the initial optical energy are provided by 
a single source modulated to operate at wavelengths 
corresponding to the additional energy and the initial 

10 energy. 

13. The system of claim 2 or 5 wherein the means for intro- 
ducing the optical energy is laterally coupled to the 

' transmission line. 

15 

14. The system of claim 11 or 12 wherein the optical energy 
source comprises at least one laser diode. 

15. The system of claim 13 wherein the optical energy intro- 
ducing means comprises an optical fiber tap laterally 
coupled to the transmission line and at least first and 
second sources laterally coupled to the optical tap by 
first and second coupler fibers. 

25 16. The system of claim 15 wherein the lateral couplings 

of the sources are wavelength selective to prevent optical 
energy from one source from entering the other source. 

17. The system of claim 16 wherein the optical power output 
30 of the source emitting the longer wavelength is adjusted 

to compensate for a gain increase caused by Raman ampli- 
fication effected by the output of the source emitting 
the shorter wavelength. 

3 5 18. The system of claims 14 or 15 further comprising means 
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coupled to the transmission line for removing power 
level information therefrom and coupled to the diodes 
for controlling their power level outputs in a manner 
responsive to the power level information removed from 
5 the transmission line. 

19. The system of claim 18 further comprising a wideband 
filter in the transmission line upline of the means for 
removing optical energy. 

10 

20. The system of claims 3-19 wherein the core material 
comprises fused silicon dioxide or doped fused silicon 
dioxide . 

15 21. The system of claims 2-20 wherein the means for intro- 
ducing optical energy onto the transmission line com- 
prises a gain medium coupled to a Fabry-Perot cavity 
through an optical fiber coupling line. 

20 22. The system of claim 21 wherein the gain medium and the 

Fabry-Perot cavity oscillate to provide an output having., 
a plurality of wavelengths. 

23. The system of claim 5 wherein the means for introducing 
25 information -bearing optical signals encodes information 

in the form of pulses having a pulse width characteristic, 
the number of optical energy introducing means being at 
least equal to the number of photons in a pulse prior to 
amplification divided by 20 and multiplied by the number 
of electromagnetic states for the pulse width characteristic 

24. The system of claim 2 to 23 wherein the means for intro- 
ducing information-bearing optical signals comprises a 
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source of optical energy selectively controllable in 
wavelength to provide an optical output at a first 
wavelength, or a second wavelength. 

The system of claim 24 further comprising means for pro- 
viding a constant amplitude output of either the first 
or the second wavelength. 

The system of claim 1 wherein the information channels 
are spaced by not more than three times the modulation 
rates of the individual channels. 

The system of claim 1 wherein the optical signal intro- 
ducing means comprises at least one signal generator 
including: 

a) an elongated gain medium; 

b) means for introducing energy into the gain medium 
to cause a population inversion of its atomic popu- 
lation such that the gain medium operates spon- 
taneously to emit optical energy of different wave- 
lengths in a random manner characteristic of its 
material composition; and 

c) means external of the gain medium and optically 
coupled thereto for receiving optical energy 
therefrom, oscillating the energy at a preselected 
wavelength and feeding the energy at the preselected 
wavelength back through the medium for amplification 
thereby by stimulated emission, whereby the signal 
generator operates to provide as an output a coherent 
electromagnetic wave at the preselected wavelength, 
the external means including a resonant fiber cavity 
structured to oscillate optical energy at the pre- 
selected wavelength and being substantially isolated 
from the gain medium to be relatively insensitive to 
conditions within the gain medium which would other- 
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wise destabilize the wavelength output of the signal 
generator . 

The system of claim 27 wherein the external means in- 
cludes a mirror on one end of the gain medium. 

The system of claim 27 wherein the external means includes 
a transfer fiber segment coupled to one end of the gain 
medium to receive optical energy therefrom and wherein 
the resonant fiber cavity is coupled to the transfer 
fiber segment. 

The system of claim 29 wherein the resonant fiber cavity 
is a Fabry-Perot cavity laterally coupled to the transfer 
fiber segment. 

The system of claim 3 0 wherein a portion of the resonant 
fiber cavity is laterally coupled to the fiber transmission 
line to transfer the signal generator output thereonto. 

The system of claim 27 wherein the signal generator 
includes means for changing the characteristics of the 
external means to provide the output with at least 
two distinct wavelength outputs. 

The system of claim 27 wherein the external means includes 
means for suppressing unwanted resonant orders of the 
resonant fiber cavity. 

The system of claim 33 wherein the suppressing means 
comprises a second resonant fiber cavity coupled to the 
gain medium at an end thereof opposite the end to which 
the first-mentioned cavity is coupled. 

The system of claim 29 wherein the external means in- 
cludes another transfer fiber coupled to the other 
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end of the gain medium to receive optical energy 
therefrom, and a second resonant fiber cavity coupled 
to the second transfer fiber. 

The system of claim 35 wherein the first and second 
resonant fiber cavities are Fabry-Perot resonant cavi- 
ties . 

The system of claim 36 wherein the frequency response 
of the first and second resonant cavities are coincident 
at a single dominant wavelength. 

The system of claim 36 wherein the first resonant cavi- 
ty includes means for resonating at two desired wave- 
lengths and wherein the second resonant cavity has 
a finesse such that both of the resonant wavelengths 
of the first resonant cavity lie within a common resonant 
line width. 

The system of claim 27 wherein the signal generator 
includes means for modulating its output so that the 
output has at least two distinct wavelengths. 

The system of claim 32 wherein the signal generator 
includes a piezoelectric crystal mechanically coupled 
to the resonant fiber cavity. 

The system of claim 1 wherein the optical signal intro- 
ducing means comprises at least one signal generator 
including: 

a) a light gain element including an elongated gain 
medium having a mirror at one end and means for 
energizing the gain medium; 
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b) a transfer optical fiber coupled to the other end of 
the gain medium; and 

c) an optical fiber Fabry-Perot resonant cavity laterally 
coupled to the transfer optical fiber and a portion 
of the optical fiber transmission line, the fiber 
resonator being structured and arranged with respect to 
the transfer fiber and the gain medium to provide 
feedback to the gain medium via the transfer fiber so 
that the signal generator lases to provide as an output 
a coherent electromagnetic wave of predetermined wave- 
length and bandwidth and wherein the output of the fiber 
resonator is coupled onto the fiber transmission line. 

The system of claim 1 , wherein the optical fiber comprises 
a core comprising an optically transparent material having 
a predetermined index of refraction and a predetermined 
thermal coefficient of expansion; and 

a cladding formed of a material of lower index than that 

of the core material, the cladding material being bound 

to the core only partially about the circumference of 

the core such that spaced apart air cavities are formed 

on opposite portions of the core between the unbound 

portions of the core and the cladding, the cladding material 

having a coefficient of thermal expansion different from 

that of the core so that the cladding exerts a permanent 

birefringent stress on the core along a principal axis 

of the core and of the cladding whereby the core propagates 

only one polarization mode parallel to the axis. 

,3. The optical fiber of claim 42 wherein the core, cladding, 
and cavities are generally rectangular in cross-section. 

4. The optical fiber of claim 43 wherein the core is offset 
to one side of the geometric center of the cladding 
in one direction and centered in the cladding in a 
direction opposite the one direction. 
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